Abstract: We present a simple autocorrelator for picojoule 226-278 nm pulses from femtosecondpicosecond laser oscillators based on two-photon conductivity in sapphire. The sub-20 W peak power sensitivity is over 10X better than previous UV autocorrelators.
Introduction
Ultrafast laser pulses in the deep ultraviolet (UV) are important for a number of applications from spectroscopy to photoemission studies [1] . The second harmonic generation crystals that are routinely available for visible or infrared autocorrelation or frequency resolved optical gating are not available for ultraviolet pulses, complicating their characterization, especially for laser oscillators with limited peak power. The ability to characterize nonamplified deep ultraviolet pulses with a simple setup is critical for high repetition rate experiments in applications like electron photo-emission and spectroscopy.
Two-photon absorption (TPA) autocorrelation in bulk materials like diamond [2] and BBO [3] is perhaps best suited to amplified or high power laser systems with multi-nJ UV pulse energy or over 50 kW peak UV power. Specialized ultraviolet two-photon detectors have been demonstrated based on two photon absorption in a diamond pin photodiode [4] or a CsI photomultiplier tube (PMT) [5] . These devices had peak power sensitivities of 19 kW and 500 W, respectively, for ~265 nm and 300 nm pulses. Additionally, a planar fused silica photoconductive switch based on interdigitated electrodes has been demonstrated with 10 nJ energy or 76 kW peak power sensitivity at 267 nm [6] . Cross-correlation measurements based on sum-frequency or difference frequency generation are sensitive down to 2.5W UV peak powers, but are cumbersome to implement for practical systems [7] .
We present an autocorrelator based on two-photon induced conductivity in sapphire that has picojoule, sub-20 W peak power sensitivity at 267 nm, sub-1pA dark current, essentially zero parasitic linear absorption, and is easily fabricated. The nonlinear device is based on a silicon-sapphire-silicon sandwich, uses only off-the shelf parts, and can be benchtop-fabricated in a few minutes with no specialized equipment. The high sensitivity of the sapphire two-photon conductivity sensors allows them to work with UV pulse energies readily accessible with the harmonics of low power laser oscillator systems. This is, to the best of our knowledge, the first published pulse length measurement of a sub-300 nm laser pulse in a non-amplified mode locked laser with no reference pulse [8] .
Device Design and Results
The two-photon photoconductive devices are simple and fabricated with no special equipment. The silicon-sapphiresilicon design shown in Figure 1 (a) uses a piece of 1-4 ohm-cm phosphorus doped silicon as the base electrode. A 25±10 m thick A-plane sapphire piece (Valley Design Corp.) is set on top of the base electrode, and a cleaved piece of 1-4 ohm-cm phosphorus doped silicon is used as the top electrode. The cleaved edge of the top silicon electrode forms a very sharp taper out to the edge. The assembly is gently held together with polyamide tape. This device design was chosen for its simplicity and ease of fabrication, and the entire assembly can be made in a few minutes. Silicon was chosen for the top and bottom electrodes because it is electrically conductive, readily available in optically polished wafers, can be easily cleaved to form very sharp edges, and is very stable even under high fields. The base electrode is biased to -480 V, for an approximately 19.2 kV/mm electric field across the gap. The devices were stable under these high electric fields with no degradation of performance over several months of use. The -480 V bias is comparable to bias voltages routinely used with photomultiplier tubes.
The ultraviolet pulses are focused onto the edge of the top electrode and a photo-induced conductive channel is formed through the sapphire to the base electrode. The current collected on the top electrode is measured with a calibrated transimpedance amplifier. Optical absorption in the bulk silicon electrodes does not result in continuous current flow; the device's dark current without UV illumination of the electrode gap is about 0.7 pA. Alternatively, metalized sapphire electrodes could be used but these introduced significant dark current in our tests. Femtosecond UV pulses were generated from a 76 MHz repetition rate Coherent MIRA 900 tunable titanium sapphire oscillator using sum-frequency generation of the fundamental output and its second harmonic in BBO. This third harmonic output was tunable from roughly 250 nm to 300 nm with 0.1 to 2.2 mW average power depending on wavelength. The sapphire device's short wavelength limits were tested with the 210 -226 nm fourth harmonic of the MIRA with 40 -300 W average power. Additionally, picosecond 10 mW average power 266 nm pulses were generated from the fourth harmonic of a High Q Picotrain neodymium vanadate 50 MHz oscillator. The UV beams were focused onto the device using an f = 25 mm off-axis parabolic mirror.
The sapphire device showed quadratic photoconductive current as a function of incident UV laser intensity between 226 nm to 278 nm as expected for a two-photon absorption device. We calculate the two-photon absorption coefficient following [6] and show the result as a function of laser wavelength in Figure 1(b) . The TPA coefficient varies from roughly 0.15 cm/GW at 226 nm and 250 nm, is reduced to approximately 0.01 cm/GW around 266 nm, and drops off beyond 278 nm. This energy cutoff agrees well with half the 8.9 eV bandgap energy of sapphire. There is likely some carrier recombination that reduces the extracted current that leads to lower TPA coefficients than found with z-scan measurements. This is consistent with [6] .
Non-collinear autocorrelation with a Michaelson interferometer design with crossed beams in the two-photon sensor was found to have the best signal to noise ratio for a 0.5 Hz acquisition rate with our setup. This was in part due to the low bandwidth of the transimpedance amplifier and the fact that our pulses were chirped. Autocorrelation peak-to-background ratios of 1.8 to 2.1 were typical for the autocorrelator. This is presumably due to imperfect overlap of the focused beams inside the sapphire. Figure 1 (c) shows a typical autocorrelation trace of the third harmonic of the titanium sapphire laser using the silicon-sapphire sandwich sensor and 2.0 mW of 266.7 nm light (180 W peak power). The measured full-width half maximum of the autocorrelation trace was 224 fs, corresponding to a sech 2 pulse width of 146 fs. Figure 1(d) shows a typical autocorrelation trace of the 266 nm fourth harmonic of the Nd:Van laser using 7.0 mW average power (28 W peak power). The measured full-width half maximum of the autocorrelation trace was 7.6 ps, corresponding to a sech 2 pulse width of 5.0 ps. The minimum peak powers for the autocorrelation measurement were 18 W for the Ti:Sapphire and 16 W for the Nd:Vanadate UV harmonics, respectively. This marks the first pulse length measurement of the UV harmonics of standard oscillators without a reference pulse to the best of our knowledge.
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